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Tumor Biol 2009; 30:148-159 149 Metastasis suppressors are a growing family of molecules that are functionally defined by their ability to suppress metastasis without blocking orthotopic, primary tumor growth when re-expressed [1] . The first metastasis suppressor, Nm23, was discovered in the 1980s and there are now more than 25 published metastasis suppressor genes [1] . They have diverse mechanisms of action and many appear to function in multiple tumor types. Breast cancer metastasis suppressor 1 (BRMS1) was discovered by comparing parental to metastasis-suppressed chromosome 11 microcell hybrids using subtractive hybridization [2] . The BRMS1 gene maps to chromosome 11q13, a gene-dense region in which several nonrandom amplification and deletion events associated with breast cancer progression and metastasis have been described. BRMS1 appears to exert its antimetastatic effect by regulating gene expression as a result of its participation in SIN3:histone deacetylase complexes [3, 4] . BRMS1 selectively reduces prometastatic genes and signaling pathways, including phosphoinositide (4,5)-bisphosphate levels and associated downstream signaling [5, 6] , NF B transcriptional activity [7, 8] , epidermal growth factor receptor expression and downstream signaling [5] , urokinase-type plasminogen activator expression [7] and osteopontin expression [9] [10] [11] , and alters gap junctional intercellular communication in tumor cells [12] [13] [14] . Likewise, BRMS1 re-expression selectively increases expression of antimetastatic microRNA [15] . Microarray [10, 16] and proteomic [17, 18] analyses also showed multiple changes in gene and protein expression when BRMS1 was introduced into metastatic cells. Since the ability to successfully metastasize requires coordinated expression of multiple genes [19] , the cumulative data describe a process in which BRMS1 selectively regulates multiple metastasis-associated genes.
Because of their roles in regulating metastasis, the metastasis suppressors would seem to offer great promise as prognostic or predictive markers. However, relatively few studies have been performed to test this potential, largely due to the lack of antibodies. A limited number of prior studies assessing BRMS1 in breast and pheochromocytoma cancer specimens have examined mRNA levels in tumor contaminated with stroma [20] [21] [22] [23] [24] , which can cause complications with interpretation since BRMS1 is ubiquitously expressed [2] . In general, prior studies have not found statistically significant correlations between BRMS1 mRNA expression and survival, development of metastasis or other well-established prognostic markers. Two studies actually reported that BRMS1 expression was a poor prognostic marker [20, 21] .
In addition to the complications arising because of contaminating stromal cells, recent data from our laboratory suggest that mRNA and protein levels for BRMS1 do not always correlate [25] , that BRMS1 expression is posttranscriptionally regulated [26] and that splice variants of BRMS1 can be detected using RT-PCR [25] . Thus, the development of specific antibodies recognizing BRMS1 was essential in order to study primary breast cancer specimens for protein expression. Using an antibody recognizing an N-terminal epitope, Hicks et al. [27] recently reported that BRMS1 protein expression was lost in approximately 25% of cases and that there was no overall correlation with disease-free survival. However, subsets of patients who were estrogen receptor (ER) or progesterone receptor (PR) negative or human epidermal growth factor receptor 2 (HER2) overexpressing did show correlation of loss of BRMS1 with disease-free survival. These data suggested a linkage between BRMS1 expression and hormone and HER2 status. Moreover, the data suggested that BRMS1 staining could be helpful as a prognostic marker in conjunction with other prognostic markers. More recently, using an antibody for which the epitope has not been defined, Smith et al. [28] measured BRMS1 expression in non-small cell lung carcinoma and found that BRMS1 expression correlates with improved patient survival, suggesting that BRMS1 expression may have prognostic value in other types of cancers.
Our laboratory has identified several protein interaction domains that are important for the metastasis suppressor and/or corepressor activities of BRMS1 [3, 29] . As a result, other antibodies recognizing a C-terminal epitope were developed that provided important tools for dissecting the mechanism(s) of action. In the present study, we utilized antibodies recognizing the C terminus of BRMS1 to measure BRMS1 protein expression in breast cancer tissues. As found previously, BRMS1 was not an independent prognostic marker; however, the data from this study revealed, for the first time, that the cellular localization of BRMS1 protein may be important in controlling metastasis.
Materials and Methods

Breast Tissues and Tissue Microarray
Thirty-six snap-frozen breast cancer tissues, corresponding histologically and grossly normal breast tissue from the same breast resection specimen and corresponding axillary lymph node metastases (in 7 cases) were collected from the University of Alabama at Birmingham (UAB) Tissue Procurement Facility. The cancer and corresponding normal samples, although derived 150 from the same resection specimen, were separate tissue samples, and information about the distance of the normal sample from the breast cancer sample within the resection specimen was not provided. Tissue microarrays were constructed in collaboration with Applied Genomics Inc. after collecting formalin-fixed, paraffin-embedded infiltrating ductal carcinomas, acquired between 1988 and 1996, from the archives of the UAB Department of Pathology. Two tissue microarrays were constructed, each containing a single 1-mm-diameter core from the same 209 infiltrating ductal carcinomas. Clinical data corresponding to each breast cancer were retrieved from the Department of Surgery and the UAB Tumor Registry. Demographic data for the patients are summarized in table 1 . Tissue collection, tissue microarray construction and retrieval of clinical data were performed after Institutional Review Board approval.
Laser Capture Microdissection and Quantitative RT-PCR
Frozen sections (8 m thick) were prepared from each tissue and rapidly stained with hematoxylin and eosin. Reagents were prepared with diethylpyrocarbonate-treated water, when possible. Laser capture microdissection (Molecular Devices/Arcturus Engineering PixCell II) was used to isolate 2,000-5,000 histologically normal or neoplastic epithelial cells from each tissue. RNA was isolated and treated with DNase (RNAqueous-Micro Kit, Ambion, Austin, Tex., USA). Prior to cDNA synthesis, all RNA samples were diluted to 4 ng/ l using RNase-free water containing 12.5 ng/ l of total yeast RNA (Ambion) as a carrier. cDNA was prepared using the High Capacity cDNA Archive Kit (Applied Biosystems, Foster City, Calif., USA) according to the manufacturer's instructions. The forward, reverse and probe oligonucleotides were synthesized and purified by HPLC (Applied Biosystems). Fluorescent signal data were collected using the ABI Prism 7700 Sequence Detection System (Applied Biosystems). The log-linear phase of amplification was monitored to obtain the threshold cycle values for each RNA sample. Ribosomal S9 was used as the internal reference and was selected because it exhibits minimal variability in tissues of different origins [30] . The comparative threshold cycle method was employed to determine BRMS1 expression levels in each sample relative to expression of ribosomal S9. Each sample was run in triplicate.
Immunohistochemistry
A rabbit polyclonal antiserum (S07050) was produced to a peptide corresponding to the C terminus of BRMS1 ( 231 KARA-AVSPQKRKSDGP 246 ). Specificity of the antibodies was verified by Western blotting, immunoprecipitation and mass spectroscopy and electrospray sequencing (electrospray ionization mass spectrometry-mass spectrometry, data not shown). For immunohistochemistry, optimal primary antibody incubation and concentration were determined by serial dilutions on placental tissue (positive control). For immunostaining of frozen tissues, frozen sections (5 m thickness) were fixed in 70% ethanol overnight. Subsequently, sections were incubated with an aqueous solution of 3% hydrogen peroxide for 5 min followed by 1% goat serum for 1 h at room temperature. Sections were then incubated with primary antibodies diluted 1: 1,000 in phosphate-buffered saline (pH 7.6) containing 1% bovine serum albumin, 1 m M ethylenediamine tetraacetic acid and 1.5 m M sodium azide for 1 h at room temperature. Secondary detection was achieved with a streptavidinbiotin-horseradish peroxidase system (USA Ultrastreptavidin Multi-Species Detection System, Signet/Covance Laboratories). Diaminobenzidine tetrachloride was the chromogen (Super Sensitive Substrate Kit, Biogenex, San Ramon, Calif., USA). Negative controls consisted of histologic sections processed without the addition of primary antibody. After immunostaining, sections were counterstained with hematoxylin.
For immunostaining of formalin-fixed, paraffin-embedded tissue microarrays, 5-m sections were deparaffinized in xylene, followed by hydration in graded alcohols. Sections were incubated in anti-BRMS1 (S07050, 1: 1,000), and subsequent immunostaining was carried out as described above. Immunostaining for Bcl2, ErbB2, p53, ER, PR, p27 Kip1 and Ki-67 was performed as previously described [31, 32] . Briefly, immunostaining for Bcl2 required antigen retrieval consisting of incubation in boiling 10 m M citrate buffer (pH 6.0) for 5 min. Immunostaining for ER, PR, p27 Kip1 and Ki-67 required low-temperature antigen retrieval with enzymatic pretreatment (0.1% trypsin) followed by incubation in 10 m M citrate buffer, pH 6, for 2 h at 80 ° C. The antibodies included anti-ErbB2 (clone 3B5, Oncogene Research Products, San Diego, Calif., USA; 0.25 g/ml), anti-Bcl-2 (clone 124, Genosys Biotechnologies Inc., Cambridge, UK; 12.5 g/ml), anti-p53 (clone BP53.12, Oncogene Research Products; 0.25 g/ml), anti-ER (clone ER88, Biogenex; 0.33 mg/ml total protein), anti-PR (clone PR88, Biogenex; 0.33 mg/ml total protein), anti-Ki-67 (clone MIB-1, Biogenex; 0.37 mg/ml total protein) and anti-p27 Kip1 (clone 1B4, Novocastra Laboratories Ltd., Newcastle upon Tyne, UK; 8.0 g/ml IgG). Secondary detection was similar to that described for BRMS1.
All slides were examined and scored by 2 observers concurrently. The intensity of cytoplasmic (anti-BRMS1 and anti-Bcl2), cell membrane (anti-ErbB2) and nuclear immunostaining (anti-BRMS1) of individual cells was scored on a scale of 0 (no staining) to 4+ (strongest possible intensity), and the percentage of cells staining at each intensity was estimated. The proportion of cells at each intensity was multiplied by the corresponding intensity value and these products were added to obtain an immunostaining score (immunoscore) ranging from 0 to 4 [33, 34] . For ER, PR, p53, p27
Kip1 and Ki-67, the percentage of cancer cells with nuclei that stained positively at any intensity was determined. To quantify total cellular BRMS1 protein for comparison with BRMS1 mRNA levels, BRMS1 cytoplasmic and nuclear immunoscores were summed. To quantify a shift in BRMS1 protein from nucleus to cytoplasm, the cytoplasmic BRMS1 immunoscore was subtracted from the nuclear BRMS1 immunoscore. Using this 'cytoplasmic shift' score, a negative value indicates a greater level of cytoplasmic BRMS1 than nuclear BRMS1.
Statistical Analyses
Mean mRNA expression of BRMS1 relative to S9, immunoscores, percentages of positively staining cells and tumor sizes were compared between groups by the Mann-Whitney test or Wilcoxon signed rank test, as appropriate. Lymph node status, clinical stage and low BRMS1 expression in ER-positive versus ER-negative cancers were compared between groups by Fisher's exact test. Kaplan-Meier methods were used to estimate the survival function for overall survival for patients with high-BRMS1 versus low-BRMS1 cancers [35] . Overall survival was defined as the time from the date of diagnosis to the date of death. Patients who were alive at the date of last contact, died from unknown causes or died from a disease other than breast cancer were censored at the date of last contact. Differences in overall survival functions were assessed using the log-rank test. Cox proportional hazards models were fitted to the data to assess the effect of BRMS1 on overall survival after adjusting for the effects of other covariates [36] . Interaction effects between covariates were also considered by including their cross-products in the Cox models.
Results
Expression of BRMS1 Is Higher in Breast Cancer Epithelial Cells than in Corresponding, Histologically
Normal Breast Epithelium BRMS1 is ubiquitously expressed in normal tissues, including inflammatory and stromal cells [2] . Therefore, to measure the expression of BRMS1 in normal breast epithelium and corresponding breast carcinoma cells without the presence of contaminating stromal or inflammatory cells, we isolated each of these epithelial cell types by laser microdissection. Normal or cancer epithelial cells were isolated from histologic sections of each frozen tissue. All cancers were infiltrating ductal adenocarcinomas. BRMS1 mRNA content was quantified by real-time quantitative PCR, and expression was normalized to expression of the housekeeping gene ribosomal S9. Mean expression of BRMS1 was 5 times higher in cancer cells than in matching normal epithelial cells (p ! 0.001; fig. 1 A) . BRMS1 was increased in cancer epithelium in 34 of 36 matching cancer/normal pairs (94%). In 1 cancer/normal pair, BRMS1 was decreased, while in another pair, expression of BRMS1 was not detected in either normal or cancer epithelium. In addition, tissue from axillary lymph node metastases was available for 7 cancers. Carcinoma cells in the lymph nodes were also microdissected, and BRMS1 mRNA levels were determined by real-time quantitative PCR. BRMS1 expression was similar in primary tumor cells and their corresponding lymph node metastases, and expression was higher in both the primary carcinoma and the metastasis than in the matching normal epithelium (p = 0.016 and p = 0.031, respectively; fig. 1 A) .
To identify BRMS1 protein, the frozen breast tissues were also immunostained using S07050. Consistent with the known nuclear functions and location of BRMS1 protein, immunostaining was primarily nuclear in the breast tissue. However, 49% of normal epithelium and 57% of cancer epithelium also exhibited weak to moderate cytoplasmic staining. BRMS1 expression (either nuclear or both cytoplasmic and nuclear) was detected in all breast carcinomas. Both cytoplasmic and nuclear staining were semiquantified using a previously described scoring system [32] that incorporates the number of cells that stain and the intensity of the staining. Similar to the mRNA data, the nuclear and cytoplasmic immunoscores were higher in cancer than in the corresponding normal epithelium (n = 36), but only the difference in the nuclear immunoscores was statistically significant (p = 0.011; fig. 1 B, C). The total (nuclear + cytoplasmic) immunoscore (representing total cellular BRMS1 protein) was also significantly higher in cancer than in normal epithelium (p = 0.002; fig. 1 D) . In the 7 breast cancers with corresponding lymph node metastases, there was a decrease in cytoplasmic BRMS1 in the lymph node metastases (p = 0.033) compared to the primary cancers ( fig. 1 C) , but this decrease was not reflected by a difference in total or nuclear BRMS1 protein ( fig. 1 B, D) . Higher expression of BRMS1 protein in the primary cancer than in the corresponding normal epithelium was also seen in this small group of 7 cases, but this was statistically significant only for cytoplasmic expression (p = 0.036; fig. 1 B-D) . In addition, the number of normal/cancer pairs in which BRMS1 protein expression was higher in cancer tissue was 29 of 36 (81%), which is a slightly lower percentage than for BRMS1 mRNA. This result supports prior findings showing that BRMS1 mRNA and protein levels do not necessarily correlate [25] .
Loss of BRMS1 Expression Occurs in a Small Percentage of Breast Cancers
To analyze BRMS1 expression in a larger number of breast cancers, tissue microarrays containing 209 infiltrating ductal adenocarcinomas were immunostained with S07050 antiserum. Two tissue microarrays were stained, each containing a different core sample of the same 209 breast cancers. The mean immunoscore for BRMS1 expression is higher in breast cancer than in normal breast epithelium. A Epithelium from infiltrating ductal carcinomas (n = 36), corresponding normal tissue (n = 36) and axillary lymph nodes (LN) with metastases (n = 7) was collected by laser capture microdissection. RNA was isolated, cDNA was prepared and expression of BRMS1 and ribosomal S9 was measured by real-time quantitative PCR (RTQ). Expression of BRMS1 was normalized to ribosomal S9. The mean and standard error are presented. BRMS1 expression was significantly greater in cancer than in matched normal epithelium (p ! 0.001). BRMS1 expression was also greater in breast cancer epithelium (p = 0.016) and in metastatic cancer epithelial cells (p = 0.031) than in normal breast epithelium in the 7 breast cancers with matched primary and metastatic cancer. B-D The carcinomas and corresponding normal breast and lymph nodes presented in A were immunostained for expression of BRMS1. Nuclear expression of BRMS1 was greater than cytoplasmic expression. Both nuclear and cytoplasmic BRMS1 in epithelial cells was semiquantified (immunoscore). Reflecting BRMS1 mRNA, nuclear BRMS1 protein was significantly greater in cancer than in normal epithelial cells (p = 0.011; B ), but this was not the case for cytoplasmic BRMS1 ( C ). The total of the nuclear and cytoplasmic immunoscores (representing the total cellular BRMS1) was significantly higher in cancer than in normal epithelium (p = 0.002; D ). In the 7 breast cancers with corresponding lymph node metastases, BRMS1 protein was again higher in cancer epithelium than in corresponding normal epithelium, but this was statistically significant only for cytoplasmic BRMS1 (p = 0.036; C ). In these 7 cases, the metastatic cancer cells had similar nuclear ( B ) and total ( D ) BRMS1 expression to the primary cancer epithelial cells, but cytoplasmic BRMS1 was lower in the metastatic cells than in the primary cancer cells (p = 0.033; C ). The mean and standard error are presented. Statistical significance is indicated by asterisks.
each cancer was determined after histologic evaluation, as described above. BRMS1 protein was detected in the majority of breast cancers (205/209, 98%) and was primarily, but not exclusively, nuclear in location. BRMS1 staining was located in the nucleus in 203 of 209 cancers (97%). Cytoplasmic staining was present in 141 of 209 cancers (67%). Four cancers (2%) expressed neither cytoplasmic nor nuclear BRMS1 ( fig. 2 ).
Low Nuclear Expression of BRMS1 Correlates with Indicators of Poor Prognosis
The breast cancers constituting the microarrays were also immunostained for detection of expression of ER, PR, ErbB2, p53, Bcl2, p27
Kip1 and Ki-67, as previously described [31, 32] . Each of these protein biomarkers functions in the growth and progression of breast cancer and is a prognostic indicator or is associated with other indicators of prognosis. There is a general consensus that ER and PR content is a weak prognosticator, with most studies conferring a more favorable prognosis on ER-positive and PR-positive tumors [37, 38] . Overexpression of ErbB2, decreased expression of Bcl2 and mutation of p53 (identified by nuclear accumulation of p53 protein) [39] correlate with other indicators of a poor prognosis, such as a negative ER status [39] [40] [41] [42] [43] [44] [45] [46] . A high rate of cancer cell proliferation is also a poor prognostic indicator, irrespective of the method used to measure proliferation, including identifying the incidence of cells that immunostain for the proliferation marker Ki-67 [47] . p27 Kip1 is a member of the Cip/Kip family of cyclin-dependent kinase inhibitors which function to inhibit the transition from G1 to the S phase of the cell cycle. Low or absent nuclear expression of p27
Kip1 detected by immunohistochemistry is a clinical marker of disease progression in several types of tumors, including breast cancer [47] [48] [49] . Additionally, clinical data for the 209 cases, including tumor size, axillary lymph node status, clinical stage and clinical followup data, were obtained. Clinicopathologic features of the 209 cases are presented in table 1 .
Expression of ErbB2 at the cell membrane and cytoplasmic expression of Bcl2 were semiquantified by the same immunoscoring system used for BRMS1 and as previously described [31] . For ER, PR, p53, Ki-67 and p27 Kip1 , the percentage of cells with nuclear staining was determined. Nuclear expression of BRMS1 (immunoscore) was positively correlated with expression of Bcl2, ER, PR and p27
Kip1
, but negatively correlated with Ki-67 (p = 0.008, p ! 0.001, p = 0.001, p = 0.003 and p = 0.007, respectively; table 2 ). In other words, lower nuclear BRMS1 correlates with lower levels of Bcl2, ER, PR and p27 (membrane expression) and Bcl2 (cytoplasmic expression) were also assessed by immunohistochemistry in cancer epithelial cells and semiquantified by an immunoscore. Cancers with a cytoplasmic shift score (i.e. nuclear minus cytoplasmic expression) ^ 0 (n = 23) had lower ER and PR expression and a higher rate of proliferation (i.e. Ki-67 expression; p = 0.002, p = 0.023 and p = 0.046, respectively) than those with a cytoplasmic shift score 1 0 (n = 186). Significant differences are indicated by asterisks. The mean and standard error are presented. B The proportion of breast cancers with a cytoplasmic shift score ^ 0 was greater in ER-negative than in ER-positive cancers. Fourteen of 74 ER-negative cancers (18.9%) versus 6 of 108 ER-positive cancers (5.6%) had a cytoplasmic shift score ^ 0 (p = 0.007, Fisher's exact test). C There was no statistically significant difference in tumor size in breast cancers with a BRMS1 cytoplasmic shift score ^ 0 versus 1 0. The mean size and standard error are presented. D There was no significant difference in the proportion of cancers with a BRMS1 cytoplasmic shift score ^ 0 in cases of clinical stages I and II (10/126, 8%) versus those of clinical stages III and IV (7/48, 15%). E There was no significant difference in the proportion of cancers with a BRMS1 cytoplasmic shift score ^ 0 in cases with axillary lymph node metastases (8/86, 9%) versus those without axillary lymph node metastases (8/88, 9%). F There was a trend for overall survival, estimated by the Kaplan-Meier method, to be lower in patients with breast cancers with a cytoplasmic shift score ^ 0, but this was not statistically significant (p = 0.079, log-rank test).
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Tumor Biol 2009;30:148-159 155 0.007 and p = 0.033, respectively), which was opposite to the results for nuclear BRMS1 ( table 2 ) . In addition, cytoplasmic BRMS1 was positively correlated with nuclear accumulation of p53 and expression of ErbB2. Taken together, these correlations suggest an association of cytoplasmic BRMS1 with more aggressive breast cancer, which is again opposite to the findings for nuclear BRMS1. These findings raise the possibility that nuclear and cytoplasmic BRMS1 expression are inversely correlated. Indeed, there was an inverse correlation between nuclear and cytoplasmic BRMS1, but it was not statistically significant (r = -0.127, p = 0.066).
Breast Cancers with Equal or Higher Cytoplasmic than Nuclear Expression of BRMS1 Have Low ER and PR Expression and a High Rate of Proliferation
This trend toward an inverse correlation between cytoplasmic and nuclear BRMS1 suggests that a shift from nuclear to cytoplasmic localization of BRMS1 in breast cancer may indicate a worse prognosis. To quantify this shift, we subtracted the cytoplasmic BRMS1 immunoscore from the nuclear BRMS1 immunoscore. A negative 'cytoplasmic shift' score indicates a greater level of cytoplasmic BRMS1 than nuclear BRMS1, which occurred in 19 of 209 cancers (9%). Four cancers had a cytoplasmic shift score of 0, with no cytoplasmic or nuclear BRMS1 staining. Breast cancers with no BRMS1 staining or greater cytoplasmic than nuclear staining (i.e. a cytoplasmic shift score ^ 0) constituted a minority of cases (23/209, 11%), similar to the findings of a prior report of loss of nuclear BRMS1 expression in breast cancer (25% of cases) [27] . In addition, this group of breast carcinomas with a cytoplasmic shift score ^ 0 had significantly lower expression of ER and PR and a higher rate of proliferation than those breast cancers with a cytoplasmic shift score greater than 0 ( fig. 3 A) . When comparing the number of ER-positive versus ER-negative cancers with a cytoplasmic shift score ^ 0, ER-negative cancers were significantly more likely than ER-positive cancers to have low BRMS1. Fourteen of 74 ER-negative cancers (18.9%) versus 6 of 108 ER-positive cancers (5.6%) had a cytoplasmic shift score ^ 0 (p = 0.007, Fisher's exact test; fig. 3 B) . ERnegative status was defined as those cancers with ! 10% of cells staining positively for ER. Corresponding to the higher rate of proliferation, tumor size was also larger and p27
Kip1 expression was lower in breast cancers with a cytoplasmic shift score ^ 0, but these differences were of only borderline significance (p = 0.075 and p = 0.085, respectively; fig. 3 C, A) . There was no significant difference in ErbB2, Bcl2 or p53 expression in breast cancers with cytoplasmic shift scores ^ 0 versus 1 0 ( fig. 3 A) . From the cases of a high clinical stage at presentation (stages III and IV), a larger proportion had a cytoplasmic shift score ^ 0 (7/48, 15%) compared to cases of a lower clinical stage (stages I and II; 10/126, 8%), but this difference was not statistically significant ( fig. 3 D) . There was also no difference in the proportion of lymph node-positive (i.e. cases with metastases to axillary lymph nodes) versus lymph node-negative cases with a cytoplasmic shift score ^ 0 [8/86 (9%) versus 8/88 (9%); fig. 3 E] . Patients with breast cancers with a cytoplasmic score ^ 0 also had poorer overall survival, although this was only of borderline significance (p = 0.079; fig. 3 F) . In the Cox proportional hazards model for overall survival with BRMS1 cytoplasmic shift score and all covariates (i.e. age, race, tumor size, lymph node metastasis, ErbB2, Bcl2, p53, ER, PR, Ki-67 and p27 Kip1 ), BRMS1 was not a significant predictor of survival. Only age was significant. After removing all nonsignificant covariates from the model for predictors of longer overall survival, only 1 covariate, age, stays in the Cox model (hazard ratio 0.982, 95% confidence interval 0.967-0.998; p = 0.0249) and BRMS1 is still not significant (hazard ratio 0.734, 95% confidence interval 0.513-1.050; p = 0.0903).
To determine whether BRMS1 may be prognostic independently of ER status, we assessed those cancers with a BRMS1 cytoplasmic shift score ^ 0 versus 1 0 in both ER-positive and ER-negative breast cancers separately. There was no difference in biomarker expression in those cancers with low ( ^ 0) versus high ( 1 0) BRMS1 cytoplasmic shift scores in either ER-negative or ER-positive cancers ( fig. 4 A, B) . However, there was a trend toward statistically significantly lower expression of ER in low-BRMS1, ER-positive cancers (p = 0.081), underscoring the strong association between BRMS1 and ER expression ( fig. 4 B) . There was also no significant difference in tumor size or in the proportion of cases with a BRMS1 cytoplasmic shift score ^ 0 in patients with low-stage (stages I, II) versus high-stage (stages III, IV) disease or in those with axillary lymph node metastases versus those without (data not shown). The overall survival was slightly poorer in patients with low BRMS1, ER-negative cancers, but this was not statistically significant (p = 0.273; fig. 4 C) . The BRMS1 cytoplasmic shift score had no impact on overall survival in patients with ER-positive cancers ( fig. 4 D) . These results indicate that loss of BRMS1 is not an independent prognostic indicator but is closely associated with negative or low ER status.
Discussion
In general, the data reported here are consistent with the only other published report examining BRMS1 protein expression in breast cancer [27] . Similar to this previous report, we found that loss of nuclear BRMS1 protein expression occurred in a minority of cancers (11%) but correlated with ER and PR expression and that there was a trend toward worse overall survival in patients with cancers with loss of nuclear BRMS1 expression. Hicks et al. [27] also found a loss of nuclear BRMS1 in a minority of cases (25%), showed a correlation between BRMS1 and hormone receptor status and found that loss of BRMS1 expression was associated with decreased disease-free survival in the context of hormone receptor-negative tumors as well as loss of BRMS1 with HER2/ErbB2 overexpression. Hicks et al. [27] did not report cytoplasmic localization of BRMS1, whereas in this study, we found that 60-70% of the breast cancers exhibited non-nuclear staining of BRMS1 in addition to nuclear localization, which still predominated. We report for the first time that BRMS1 can be found in readily measurable amounts in the cytoplasm. Moreover, if the cytoplasmic BRMS1 levels exceeded the nuclear levels, the cancers generally exhibited patterns associated with a worse prognosis (e.g. lower/negative ER, lower PR and higher Ki-67 expression), but the correlation with overall survival was of only borderline significance (p = 0.073). Our ability to detect cytoplasmic BRMS1 could be due to utilization of an antibody that recognizes the C terminus of BRMS1. The nuclear localization sequences for BRMS1 are located at the C terminus. That the antibodies still recognize the epitope argues that gross deletions of the C terminus are not responsible for loss of nuclear localization. Rather, associations of BRMS1 with chaperones or other proteins may be, at least partially, responsible for the change in localization. Nonetheless, the data presented here suggest that BRMS1 localization within the cell appears to be as important as total expression. The contribution of protein localization within cells to pathologies is not unprecedented. For example, the nuclear to cytoplasmic ratios of ␤ -catenin [50] [51] [52] , p63 [53] , p21 [54] , p27
Kip1 [55, 56] and p53 [57] contribute to cellular transformation.
Recent studies examining BRMS1 mRNA expression in clinical human breast cancer samples failed to show any correlation between BRMS1 expression and parameters of local dissemination such as tumor size and lymph node metastasis. However, BRMS1 protein is expressed in all normal mammary epithelium and in unaffected breast tissues from patients with cancer as well as in host inflammatory cells. Therefore the measurement of BRMS1 mRNA levels in non-microdissected clinical samples could potentially be confounded by the expression of the BRMS1 gene by normal host cells within tumor tissue.
The mechanism underlying loss of BRMS1 expression in cancer cells is not known. However, previous reports indicate that mutations are not common and that epigenetic mechanisms (e.g. methylation) are responsible for loss of BRMS1 expression [13, 25, 58] . Coupled with prior reports that BRMS1 protein stability can be regulated by chaperones [26] , altered localization and protein stability issues take on increased significance with regard to biological behavior and prognostic value. Using Cox proportional hazards models, we found that loss of nuclear BRMS1 was not a significant predictor of survival. Thus, while loss of nuclear BRMS1 was associated with ER-negative status and a high rate of proliferation, both of which are indicators of a poorer prognosis, loss of nuclear BRMS1 was not an independent indicator of prognosis. Nonetheless, BRMS1 expression and localization may have some utility in combination with other breast cancer prognostic biomarkers. Additional studies with larger data sets will be required.
